ABSTRACT. Rat liver regeneration (RLR) induced by partial hepatectomy involves cell proliferation regulated by numerous factors, including microRNAs (miRNAs). miRNA high-throughput sequencing has been established and used to analyze miRNA expression profiles. This study showed that 39 miRNAs were related to RLR through the analysis of miRNA high-throughput sequencing. Their role toward rat normal hepatocyte line BRL-3A was studied by gain-and lossof-function analyses, and one of them, microRNA-21 (miR-21), obviously upregulated and promoted BRL-3A cell proliferation. Using bioinformatics to search for miR-21 targets revealed that Fas ligand (FASLG) is one of miR-21's target genes. A dual-luciferase report assay and Western blot assay showed that miR-21 directly targeted the 3'-untranslated region of FASLG and inhibited the expression of FASLG, which suggests that miR-21 promoted BRL-3A cell proliferation by reducing FASLG expression.
INTRODUCTION
The liver has an enormous capacity for regeneration (Fausto et al., 1995; Sell, 2003) . When injured or undergoing a partial hepatectomy (PH), hepatocytes are rapidly activated, proliferate, and restore the lost liver tissues; these processes are called liver regeneration (LR) (Taub, 2004; Xu et al., 2004) . In recent years, an increasing number of studies have shown that microRNAs (miRNAs) such as miR-127, miR-34a, and miR-23b, play an important role in liver growth, development, and regeneration (Chen et al., 2011; Yuan et al., 2011; Pan et al., 2012) . miRNAs are a class of endogenous, small regulatory RNA molecules with a length of about 25 nucleotides (nt), and are found mostly in introns and intergenic regions. miRNAs are generally derived from a 70-nt RNA precursor and directed to their target mRNAs by binding to the 3'-UTR of their target mRNAs. This inhibits translation or induces mRNA degradation. In vivo, one miRNA can bind to a plurality of target mRNAs, and in turn, one target gene can be regulated by multiple miRNAs, which is called the "multiple target" hypothesis (Bonci et al., 2008; Creighton et al., 2012) . This suggests that dysregulated miRNAs could regulate a number of biological processes through the miRNA-regulatory network (Mavrakis et al., 2011; Ooi et al., 2011) .
In the present study, miRNA high-throughput sequencing was used to identify differentially expressed miRNAs related to LR. Through gain-of-function and loss-of-function studies, it was shown that miR-21 promoted BRL-3A cell growth and proliferation. In addition, using TargetScan, miRANDA, GO, KEGG, and the NCBI websites to predict miR-21 targets, we found that the apoptosis protein FAS ligand (FASLG) was one of miR-21's target genes. Dual-luciferase report assays and Western blotting showed that miR-21 directly targeted the 3'-UTR of FASLG and inhibited FASLG's expression. These results indicated that miR-21 promoted BRL-3A cell proliferation by targeting FASLG.
MATERIAL AND METHODS

Preparation of rat liver regeneration model
Adult Sprague-Dawley rats, weighing 230 ± 20 g, were provided by the Animal Center of Henan Normal University. The rats were kept at 21° ± 2°C with a relative humidity of 60 ± 10%, illumination of a 12-h period (8:00-20:00), and free access to water and food. A total of 114 rats were randomly divided into 19 groups of six animals: nine PH groups, nine SO (sham operation) groups, and one control group. The rats in the PH groups were subjected to 2/3 partial hepatectomy in accordance with the methods of Higgins and Anderson (1931) . Briefly, the left and median lateral liver lobes, constituting about 70% of the liver weight, were surgically removed. The rats in the SO groups underwent the same operative process without removal of the liver lobes. After surgery, the abdominal cavity was reopened to collect liver tissue at 2, 6, 12, 24, 30, 36, 72, 120 , and 168 h post-surgically. The tissues were stored at -80°C in RNA Later (kit purchased from Ambion Inc., USA). All experiments were carried out in accordance with the current Animal Protection Law of China.
miRNA high-throughput sequencing
Liver tissues were harvested and pooled for RNA extraction using a mirVana miRNA Isolation Kit (Ambion) according to manufacturer instructions. The quality of the total RNA was detected by agarose gel electrophoresis (110 V, 0.5 h), mass, concentration, and purity of miRNA was measured at 260 and 280 nm wavelengths. The samples with a ratio of OD 260/280 of approximately 2.0 were used. Qualitative and quantitative analysis of miRNAs was conducted by the Shanghai Biotechnology Corporation. The read length of single-ended Solexa microRNA-Seq sequencing is 36 nt. By comparing a sequence with the miRNA library, the type and abundance of different miRNAs were determined.
Identification of miRNAs associated with liver regeneration
In this study, miRNAs with expressive abundance ≥20 were used. Of them, the miRNAs with ratio values of PH ≥2 or ≤0.5, showed significant changes. t-testing was used to analyze the differences in the expression of miRNAs between the PH and SO groups. The miRNAs, which were significantly changed (0.01 ≤ P < 0.05) or highly significantly changed (P < 0.01) at least one time point during LR were defined as LR-associated miRNAs.
Quantitative real-time PCR (qRT-PCR) assay
To validate the reliability of microarray data, the expression level of miRNA related to LR was examined by qRT-PCR. Total RNA was isolated from liver tissues using a mirVana miRNA Isolation Kit (Ambion) and cDNA was synthesized using the AMV reverse transcription kit (Promega, USA). The primer sequences (including specific Stem-Loop reverse transcription (RT) primers and qRT-PCR primers) were designed using the Primer Express software, version 5.0. The primers and U6 (a kind of small nuclear RNA) were synthesized by Shanghai Sangon Biological Engineering Company. The qRT-PCR was performed using Q-SYBR green Supermix (BioRad), and PCR-specific amplification was conducted in Rotor-Gene 3000 (Corbett Robotics, Australia). The expression of miRNA was defined based on the threshold cycle (Ct), and relative expression levels were calculated via the 2 -ΔΔCt method. U6 small nuclear RNA served as an internal reference. All experiments were performed at least three times.
Normal rat hepatocyte BRL-3A (BRL-3A cells) culturing
Normal rat hepatocyte BRL-3A (BRL-3A cells) were purchased from the Institute of Biochemistry and Cell Biology (Shanghai, China). The cells were cultured with DMEM (GIBCO) containing 10% fetal bovine serum (HyClone) and 1% penicillin and streptomycin in a humidified atmosphere of 5% CO 2 at 37°C. When cells were in their logarithmic growth phase, each bottle was inoculated with a 5-mL cell suspension at a concentration of 5 x 10 4 cells/mL.
MTT assay
An MTT assay was used to detect the growth viability of BRL-3A cells in vitro. Briefly, 5 x 10 3 BRL-3A cells were seeded into each well of 96-well plates and transfected with mimic/inhibitor negative control (NC mimics/inhibitors): 50 nM miR mimics or 100 nM miR inhibitors at their respective final concentrations. At the post-transfect 24, 48, and 72 h time points, 100 μL spent medium was replaced with an equal volume of fresh medium containing MTT (Sigma) 0.5 mg/mL. The plates were incubated at 37°C for 4 h, after which the medium was replaced by 100 μL DMSO (Sigma). Plates were shaken at room temperature for 10 min. The absorbance was measured at 490 nm.
BrdU labeling assay
A BrdU labeling assay was used to measure the proliferation rate of BRL-3A cells. Briefly, 6 x 10 4 BRL-3A cells were seeded into each well of 6-well plates and transfected with NC mimics/inhibitors, miR mimics or miR inhibitors at a final concentration of 50 or 100 nM for the mimics and inhibitors, respectively. After 48 h, 1 mL medium with BrdU replaced the former medium, and was stained for 2 h at 37°C. The cells were then washed in PBS and fixed in 70% alcohol for 60 min at 4°C. Next, the cells were treated in 0.1% tyrisin at 37°C for 1 h and denatured in 1 M HCl at 56°C for 15 min, and incubated with anti-BrdU monoclonal antibody (Sigma, USA) at 37°C for 40 min and FITC-secondary antibody (Sigma) for 35 min at room temperature. The cell nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI; Sigma). The cells were washed in PBS 3 times after each step described above, and 10 random non-overlapping fields were selected using a fluorescence microscope. The number of BrdUlabeled cells and nuclei in the same fields were counted by the Image-Pro Plus 6.0 software. The ratio of proliferating cells was are reported as the proportion of BrdU-labeled cells compared to the total number of cells. The data are reported as means ± SD.
Cell cycle analysis by flow cytometry
Flow cytometry was used to test whether miRNA influenced the cell cycle of BRL-3A.
In brief, 1 x 10 6 BRL-3A cells were seeded into each well of 6-well plates and transfected with NC mimics/inhibitors, miRNA mimics or miRNA inhibitors at a final concentration of 50 nM (mimics) or 100 nM (inhibitors), respectively. The cells were harvested and washed in PBS at post-transfect 24 and 48 h time points, then fixed in 70% alcohol for 60 min at 4°C. After washing in cold PBS 3 times, cells were resuspended and incubated in 1 mL PBS solution with 50 μg propidium iodide (PI; Sigma) and 100 μg RNase A (Sigma) for 30 min at 37°C. Samples were then analyzed for their DNA content by FACSCan.
Prediction of miRNA target genes
TargetScan (http://www.targetscan.org/), miRanda (http://www.microrna.org/), miRDB (http://mirdb.org/miRDB/), and miRWalk (http://www.umm.uni-heidelberg.de/apps/ zmf/mirwalk/index.html) were used to predict the potential target genes of the miRNAs. To ensure the target genes accuracy, target genes co-predicted by at least three of the four datasets were used for subsequent functional analysis. In addition, we used go ontology (GO; http://www.geneontology. org/) and the Kyoto Encyclopedia of Genes and Genomes pathway (KEGG; http://www.genome. jp/kegg/pathway.html) to conduct the target gene annotation and pathway analysis .
Dual luciferase reporter assay
Luciferase reporters were constructed by cloning target mRNA 3'-UTR sequences into the psiCHECK-2 vector (Promega). The 3'-UTR of wild-type FASLG containing the FASLGmiR-21 response element, as well as the mutant 3'-UTR of FASLG, were synthesized by Shanghai Generay Biotech Co., Ltd. Cells were co-transfected with the reporter plasmid (0.5 μg) and miRNA mimics, inhibitors, and control using Lipofectamine 2000 (Invitrogen). Re-porter assays were performed using the Dual Luciferase Reporter Assay System (Promega) following the manufacturer protocol after the transfect 48 h timepoint. The data were normalized for transfection efficiency by dividing Firefly luciferase activity with that of Renilla luciferase.
Western blot analysis
BRL-3A cells were lysed on ice with RIPA buffer (50 mM Tris, 150 mM NaCl, 1% Triton 100X, 1% sodium deoxycholate, 0.1% SDS) containing proteinase inhibitors (1 mM phenylmethylsulfonyl fluoride, 2 μg/mL aprotinin, and 2 μg/mL leupeptin). Protein concentration was quantified using the Neuhoff Assay (Neuhoff et al., 1979) . Ten milligram of protein per sample was boiled in 5X SDS sample buffer for 5 min, separated by SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes (GE Healthcare, USA). After the transfer, the membranes were blocked with 5% skimmed milk in Tris-buffered saline (TBS) containing 0.1% Tween-20 (TBS-T) and subsequently incubated with target protein or β-actin primary antibodies overnight at 4°C. After washing with TBS-T for 30 min at room temperature, the membrane was further incubated with horseradish peroxidase-conjugated secondary antibodies for 1.5 h, followed by 30 min of washing with TBS-T. Protein bands were visualized with Amersham ECL substrates.
Statistical analysis
Statistical significance was estimated using the Student t-test. A P value less than 0.05 was considered to be significant. In addition, all the experiments described in the figures were repeated at least three times. All values are reported as means ± SD.
RESULTS
Rat liver regeneration-related miRNAs
In this study, 425 miRNAs were detected in regenerating rat livers at 2, 6, 12, 24, 30, 36, 72, 120 , and 168 h after PH by high-throughput Solexa sequencing. Of them, the expression abundance of 126 miRNAs was greater than 20. Compared with the control group (PH-0 h), 31 miRNAs in the PH groups were 2-fold upregulated and 4 miRNAs 2-fold downregulated at least one time point. t-tests showed that 23 miRNAs were related to liver regeneration (Table 1) . To further validate the miRNA high-throughput sequencing results, qRT-PCR was used to detect these miRNAs. The results showed that 4 miRNAs, including miR-21, miR-191, miR-141, and miR-429, had a similar expression trend between qRT-PCR and highthroughput array results, and they were used for further functional study (Figure 1 ).
miR-21 promotes BRL-3A cell proliferation in vitro
The 4 kinds of miRNAs mentioned above were selected for functional analysis in vitro. miRNA mimics and inhibitors were used for performing gain-of-function or loss-offunction studies. The growth ability of BRL-3A cells was detected using an MTT assay. The result showed that among these 4 miRNAs, miR-21 could change cell growth ability after 24, 48, and 72 h by mimic and inhibitor treatments (Figure 2A) . Figure 1 . miRNA expression in the regenerating rat liver tissue after partial hepatectomy. The miRNA expression levels were examined by miRNA high-throughput sequencing (blue lines) and qRT-PCR analysis (purple lines) at the indicated time points after partial hepatectomy (PH). Data are reported as means ± SD of at least three independent experiments and are reported as the 2 -ΔΔCt ratio between miRNAs and U6, which was used for normalization of expression. The value of the PH-0 h sample was calculated as 1.
Next, a BrdU-labeling assay was used to evaluate the cell proliferation rate. The results showed that the percentage of labeled cells in the miR-21 mimic-treated group was high- er than in the NC group. Meanwhile the inhibitor-treated group presented the opposite pattern ( Figure 2B and C) .
To further confirm the role of miR-21 on cell proliferation, we performed cell cycle analysis by flow cytometry. The results indicated that the proportion of cells in the S-and G2/M-phase after being, respectively, transfected with miR-21 mimic or miR-21 inhibitor was enhanced and diminished, compared with NC ( Figure 2D ). BRL-3A cells were treated with negative control (NC), 50 nM miR-21 mimic, and 100 nM miR21 inhibitor, respectively. A. MTT assay evaluating cell growth rate in the indicated time points after transfection (**P < 0.01). B. BrdU and DAPI double-stained cells show the proliferative cells. Original magnification: 400X. Scale bar: 25 μm. C. BrdU-labeling assay result. Percentage of BrdU-labeling cells after transfection with miR-21 mimic or inhibitor was larger and smaller than the NC group, respectively (**P < 0.01). Data are reported as means ± SD of at least three independent experiments. D. Cell cycle analysis by flow cytometry. Compared with NC, the proportion of cells in the S-and G2/M-phases after being, respectively transfected with miR-21 mimic and miR-21 inhibitor was enhanced (S+G2/M: 31.95 ± 1.53% vs 17.81 ± 1.09%, P < 0.01) and diminished (S+ G2/M: 12.72 ± 9.14% vs 17.81 ± 1.09%, P < 0.01). Data are reported as means ± SD of at least three independent experiments.
Mechanism of miR-21 promoting BRL-3A cell growth and proliferation
GO annotations showed that miR-21 target genes participated in the regulation of cell proliferation, differentiation, apoptosis, and protein metabolism (Table 2) . Gene interaction network analysis using KEGG found that target genes CCL3, CCL20, IKBKB, STAT3, STAT5A, NTF3, FASLG, and NR4A1 had higher occurrence rates, and they were taken as the target genes for further study. A dual-luciferase reporter assay was used to examine the functional interaction between miR-21 and the putative target sites of predicted target genes. The expression of the luciferase reporter containing 3'-UTR of FASLG was found to be inhibited by co-transfection with an miR-21 mimic, but enhanced by co-transfection with an miR-21 inhibitor. In addition, luciferase reporters containing the 3'-UTR mutant site of FASLG had no significantly different expression under transfection with either a mimic or inhibitor ( Figure 3A) . These results signified FASLG's regulation by miR-21, and had a positive binding site in position 422-429 of its 3'-UTR ( Figure 3B ). We further measured the expression of FASLG at protein levels by Western blot. The results showed that FASLG expression was suppressed when miR-21 was overexpressed, but enhanced when inhibiting the endogenous miR-21 at protein levels ( Figure 3C ).
DISCUSSION
The PH rat model is common for studying the mechanisms of liver regeneration. The liver regeneration process is generally divided into three stages: initiation (2-6 h after PH), progression (6-72 h after PH), and termination (72-168 h after PH), and involves multiple physiological activities including cell proliferation, differentiation, and apoptosis, which is regulated by various factors such as miRNAs. To understand the mechanism of miRNA regulation of liver regeneration, we examined miRNA expression changes in ratial liver regeneration using high-throughput sequencing. It was found that miR-21 was upregulated during liver regeneration. Previous studies have shown that miRNAs play a regulatory role in liver development and regeneration, and in liver diseases (Katsuda and Ochiya, 2012) . The downregulation of miR-127 during rat liver regeneration promotes hepatocyte proliferation (Pan et al., 2012) . In addition, the abnormal expression of miR-21 can cause a variety of diseases including hepatocellular carcinoma (HCC; Chan et al., 2005; Iorio et al., 2005; Fulci et al., 2007; Lee et al., 2007; Meng et al., 2007; Huang et al., 2008; Ladeiro et al., 2008) . Further studies showed that miR-21 was closely related to liver regeneration in mice (Chaveles et al., 2012) . In our study, high-throughput sequencing results found that miR-21 was significantly upregulated, which was also confirmed by qRT-PCR. The t-test results showed that miR-21 was closely related to liver regeneration in rats.
Studies showed that miR-21 is found in a variety of organisms, and regulates the expression of multiple target genes including FASLG. The combination of FASLG with Fas death receptor could induce the polymerization of Fas to form death-inducing signaling complex (DISC) by recruiting the death domain adapter protein FADD and Caspase-8 zymogen (Lee et al., 2006) . Caspase-8 zymogen is activated through autoproteolytic cleavage and subsequently cuts the proapoptotic molecule Bid into an active molecule, tBid (truncated Bid). tBid enters mitochondria and then results in cytochrome C release from the mitochondria. After a series of cascade reactions, apoptosis is ultimately triggered (Kaufmann and Hengartner, 2001; Cho and Choi, 2002) . On the other hand, the binding of FASLG with Fas activates mitogen-activated protein kinase kinase kinase 5 (ASK1) via death domain-associated protein Daxx (Swindall and Bellis, 2011) . The activated ASK1 itself activates promitogen activated protein kinase kinase MEKK3/6, MKK4/7, and JNK by a phosphorylation cascade. The activated JNK promotes the release of cytochrome C and the formation of an apoptosome, thus leading to apoptosis (Li et al., 2013; Arshad et al., 2013) . Moreover, dual-luciferase report and Western blot assays showed that miR-21 obviously reduced the expression of FASLG. These results indicated that miR-21 promoted BRL-3A cell proliferation by inhibiting the expression of FASLG.
miR-21 inhibited the neuronal necrosis of rat microglial cells by downregulating FASLG (Zhang et al., 2012) . Moreover, in hepatocellular carcinoma, the target gene of miR-21 is PTEN (Meng et al., 2007) . Meanwhile, miR-21 targets the ubiquitin protein ligase gene Pellino (Peli1; Marquez et al., 2010) , suggesting that miR-21 targets different genes in different species, even in different organs. In this paper, mimics and inhibitors of miR-21 were used to transfect BRL-3A cells. We observed that the proliferation of BRL-3A cells was promoted by the mimics of miR-21 and inhibited by the inhibitors of miR-21. Dual-luciferase report assay results showed that miR-21 directly bound to the 3'-UTR of FASLG ( Figure 3A and B). Furthermore, Western blot assaying demonstrated that miR-21 inhibited the expression of FASLG. These results suggest that miR-21 reduced FASLG expression to promote hepatocyte proliferation during rat liver regeneration.
